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To meet the nutritional demands of a rapidly growing population in the face of 
increasing climate variability, innovative tools are needed to rapidly regenerate soil health 
in agricultural systems. Using food wastes to improve soil health presents a viable 
opportunity to improve soils and efficiently manage waste. In a previous laboratory 
study, we found that potassium lactobionate, a byproduct of cheese production, greatly 
enhanced soil water holding capacity and nutrient availability. To further explore its 
potential as a soil amendment, we conducted agronomic trials in winter wheat and 
corn at the USDA-ARS Central Great Plains Research Station in Akron, Colorado. We 
evaluated lactobionate for potential improvements in key soil health indices, focusing on 
soil moisture, carbon, and nitrate. Lactobionate was applied at 5 rates and either as 
broadcast or surface banding depending on the crop, and soil samples were collected 
from 0 to 5cm and 5 to 15cm depths. Four weeks after broadcast application in the 
wheat trial, we observed a significant increase in soil moisture and microbial biomass in 
the 5-15 cm-depth and a decrease in soil nitrate at both soil depths and across rates, 
relative to unamended plots (9 < 0.1). We also saw a non-significant 14% increase in 
corn yield with subsurface banding of lactobionate but no observed changes in other soil 
properties measured in the corn trial. We found no significant changes in soil pH, total soil 
carbon and nitrogen, and soil ammonium concentration with lactobionate for both trials. 
Our observations suggest the potential for lactobionate to modify soil water content, 
microbial biomass, nitrate, and yield but outcomes varied by crop trial and amendment 
rates. This implies that while recycling food waste for use as a soil amendment may have 
benefits for key soil health parameters, the timing, mode and application amount need 
to be optimized for maximal effects of lactobionate. 


Keywords: lactobionate, soil health, soil amendment, soil water retention, soil microbial biomass, soil nitrogen 
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INTRODUCTION 


Productive soils are the foundation of a sustainable and secure 
global food supply. Human activity has degraded nearly 40% 
of the world’s soils (Oldeman, 1994) through intensive tilling, 
erosion, mining and industrial activities, and excessive chemical 
inputs. This has led to a decline in many indicators of soil health, 
including nitrogen (N) retention and use efficiency, carbon (C) 
sequestration, and water infiltration and retention (Gugino et al., 
2009). Water limitations and nutrient supply remain the major 
limiting factors to crop productivity globally (Tilman et al., 2002). 
As a result, modern day agriculture often depends significantly 
on the continuous use of freshwater irrigation and synthetic 
agrochemicals for optimal crop production. Such reliance on 
high water and chemical inputs contributes to the depletion 
of limited water resources—particularly in arid and semi-arid 
locations (Morison et al., 2007), eutrophication, and ground 
water pollution (Cassman, 1999). 

To feed a growing global human population and achieve 
optimal crop productivity in the face of increasing climate 
variability, we need to rapidly regenerate soil health in a 
sustainable manner by targeting the key indicators of soil 
functional capacity relevant to the challenges of a particular 
cropping system. While there is no universal definition for soil 
health, it broadly acknowledges the functional capacity of soils 
to sustain plant productivity, maintain water and air quality, 
and support human well-being and other essential ecosystem 
services (Doran and Parkin, 1994; Doran, 2002; Kibblewhite 
et al., 2008). Healthy soils have also been described as active 
living entities (Kibblewhite et al., 2008; Lal, 2016) and thus imply 
that biological presence and activity are key to soil functions. 
Management approaches that can support soil water retention, 
increase soil C stocks, sustain microbial activity, and improve the 
timing of nutrient supply are especially needed in regions such as 
the U.S. Great Plains where water limitation, and subsequently 
soil C and N, are often the pivotal attributes impacting soil 
functioning and crop productivity (Ko et al., 2012; Robertson 
et al., 2018). These soil properties are related to each other and 
connected to the overall functional capacity of soils. For instance, 
soil water retention has been linked with soil C (Lal, 2014) while 
recent reports have shown that soil microbial biomass and their 
byproducts form a significant source of stable soil C (Kallenbach 
et al., 2016). One common approach for both increasing soil 
water retention and soil C and N is through the application of 
organic amendments to soils. For example, in a global meta- 
analysis carried out by Eden et al. (2017), the addition of organic 
wastes to soils improved plant available water on a long term basis 
and also conferred benefits on other soil properties. 

Most studies on the recycling of organic wastes in agriculture 
have focused on composts and of manure from livestock 
production (Petersen et al., 2007; Hargreaves et al., 2008; Vasilica 
et al., 2009; Annabi et al., 2011). The application of these organic 
wastes to soils have been shown to improve crop yield (Luo 
et al., 2018), enhance microbial biomass and activity (Kallenbach 
and Grandy, 2011), support soil fertility (Chaparro et al., 2012), 
and sustain long term soil health long term (Xie et al., 2014). 
While it is well-documented that compost and other organic 


inputs confer positive effects on soils, there are many barriers 
to widespread implementation. Variation in composition and 
physicochemical properties of different soil amendments has 
been shown to modulate their effects on soils, thereby generating 
uncertainty in their efficacy and sustainability (Fereidooni et al., 
2013; Malik et al., 2013; Ninh et al., 2015). The economic, 
labor and public health costs (including pathogen transmission 
and unpleasant odors) associated with compost and manure- 
based organic amendments also limits their accessibility to 
growers. Thus, there is an urgent need to develop alternative, 
sustainable approaches that can rapidly regenerate soil functional 
capacity, including water storage and nutrient retention, by 
considering other sources of single stream wastes such as food 
processing products. 

A promising approach to enhance soil services and crop 
productivity is by the conversion of food byproducts and 
waste into soil amendments. In developed nations such as 
the United States, roughly 40% (52 million tons) of the food 
produced annually is not eaten, with most of the waste disposed 
in landfills (ReFED, 2016; Gunders and Bloom, 2017). As 
a result, $218 billion worth of labor and resources invested 
in agricultural production is wasted annually (ReFED, 2016). 
For developing countries, post-harvest food losses total $4 
billion per year, contributing to chronic poverty and hunger 
(Food and Agriculture Organization, 2013). With 868 million 
malnourished people facing starvation daily, this wasted food 
is a missed opportunity (Bond, 2013). Food wastes occur 
at every level of the food supply chain, from field to fork. 
Food waste is not only an economic, but an environmental 
and moral issue as well. Foods diverted to landfills contribute 
directly to climate change via the emission of methane (CHg), 
a significant greenhouse gas 25 times more potent than carbon 
dioxide (CO) (United States Environmental Protection Agency, 
2019). Significant attention has been focused on food waste 
management at the retail and post-consumer level, reflecting 
the USEPA’ food recovery hierarchy strategy (United States 
Environmental Protection Agency, 2016). However, industrial 
food processing and manufacturing byproducts represent 14% 
of total food waste generated (Commission for Environmental 
Cooperation, 2017). Food waste and food production byproducts 
diverted from landfills and incinerators to agricultural fields 
can also provide a rich source of organic nutrients and 
C that may facilitate microbial-mediated nutrient and C 
cycling, a foundation to biological agroecosystem management 
(Drinkwater et al., 2017). These food processing/manufacturing 
byproducts present a meaningful opportunity to put waste to 
work if they can be converted to useful organic soil amendments. 

The production of mozzarella cheese produces large amounts 
of whey byproduct. For every kilogram of cheese produced, 9 kg 
of whey is generated (Robbins et al., 1996; Prazeres et al., 2012). In 
2013, global whey production was estimated at 180 million tons 
(Dairy Processing Handbook, 2014). Whey primarily consists of 
water (93-94%), lactose (4.5-6%), proteins (0.6-1.1%), minerals 
(0.8-1.1%), and fats (0.06%) (Guimaraes et al., 2010; Prazeres 
et al., 2012; Carvalho et al., 2013). Lactose constitutes up 
to 90% of whey organic load content and contributes to 
whey’s high biodegradability index, biological oxygen demand, 
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and chemical oxygen demand that burdens municipal sewage 
treatment systems (Berruga et al., 1997; Janczukowicz et al., 2008; 
Yadav et al., 2015). As a result, direct disposal of this waste 
without pre-treatment has been widely banned (Yadav et al., 
2015). Whey and its lactose derivatives are highly underutilized 
(Affertsholt-Allen, 2007). Thus, there is a need to find alternative 
applications for lactose (Ganzle et al., 2008; Alonso et al., 2013). 

A derivative of lactose called lactobionate contains unique 
properties that we previously showed improved soil water 
retention, soil microbial biomass, and soil C content (Kallenbach 
et al., 2019). Lactobionate is produced from the enzymatic 
oxidation of lactose and consists of gluconic acid, galactose, 
and metal ions (Potassium, Calcium). Antioxidant, chelating 
and emulsifying properties of lactobionate have made it 
useful in the pharmaceutical, cosmetic, and infant formula 
industries (Green et al., 2009; Wu et al., 2009; Gutiérrez et al., 
2012). In a prior laboratory trial, we applied different forms 
of lactobionate (potassium lactobionate, calcium lactobionate, 
ammonium lactobionate) to soils of contrasting C contents 
from semi-arid locations in the USA (Colorado and California) 
(Kallenbach et al., 2019). All forms of lactobionate increased soil 
water retention as well as soil C and microbial biomass compared 
to the control. Potassium lactobionate showed the greatest and 
most dramatic effects on all of the soil properties measured. 
Soils amended with potassium lactobionate improved their water 
holding capacity by 100-600% compared to unamended soils. 
Lactobionate amended soils also exhibited a persistent increase 
(87%) in soil organic C 2 months after the amendment was 
applied (Kallenbach et al., 2019). 

While lactobionate showed great potential as a soil 
amendment in our laboratory experiment, it might not exhibit 
the same effect under field conditions. High variability in the field 
with respect to climate and other associated parameters, coupled 
with the unknown potential interactions with plants and other 
uncontrollable factors are reasons why lactobionate and other 
soil amendments may not show the same success in the field 
as compared to controlled laboratory observations. Hence, we 
conducted agronomic trials on winter wheat and corn to assess 
the impact of potassium lactobionate on soil properties relevant 
to agronomic challenges in dryland agriculture. We focused on 
soil water retention since in dryland agriculture, increasing soil 
moisture is likely to have one of the most significant impacts 
on crop yields (Ko et al., 2012; Kallenbach et al., 2019). We also 
examined changes in soil C, mineral nitrogen, and microbial 
biomass, typically at low concentrations in this region and thus 
further limiting both water retention and nutrient supply. The 
objectives of the agronomic trials were (1) to validate laboratory 
observations at the field-level in two different cropping system 
and (2) to assess lactobionate impacts on soil water retention, 
crop nutrient availability, and soil C across different application 
levels to achieve the optimal impacts of lactobionate. 


MATERIALS AND METHODS 


Field Layout and Soil Sample Collection 
A field experiment was conducted at the USDA-ARS Central 
Great Plains Research Station located in Akron, CO (40.15 °N, 


103.15 °W, 4540 feet elevation). The climate is semiarid, with 
an annual rainfall of 420.624mm (average normal from 1981 
to 2010) (usclimatedata.com, accessed 2018). The soil type is 
classified as a silty loam Weld series (Calderon et al., 2015) with 
a total C of 1.0%, total nitrogen (N) of 0.1% and pH of 5.7. Soils 
used for this trial were under high crop residue retention with no 
tillage management for both wheat and corn trials, respectively. 

Potassium lactobionate (referred to as lactobionate for the 
remainder of this paper) was used in this study and supplied 
in liquid formulation by Leprino Foods Company (Denver, 
CO). This formulation had a 65% moisture and 35% solids 
(lactobionate) content (Figure 1). Lactobionate consists of 36.6% 
C, 4.8% potassium (K), pH of 6.7, and has no other nutrients. 
A complete randomized block design was used in this study, 
consisting of 5 levels of lactobionate treatments replicated 5 times 
for the wheat trial (0, 159, 318, 655, and 1,871 liters/hectare) 
and corn trial (0, 187, 374, 561, and 748 liters/hectare). Plots 
were 15.34 m long by 4.57 m wide for winter wheat and 24.38 m 
by 6.09m wide for corn. The application rates were selected 
based on the economic feasibility of lactobionate supply from the 
manufacturer. The lactobionate treatments were applied using 
two approaches: for the wheat trial, it was directly applied to 
the soil surface as liquid formulation via spraying with the aid 
of a tractor mounted sprayer; and for the corn trial, it was 
banded into the soil near the zone of planting to a depth of 
10cm. The different rates and routes of application were selected 
to examine their differential influence on soil properties and 
crop productivity with no intentions on comparing routes of 
application but to examine the most economically feasible and 
efficient application rates. In September of 2017, winter wheat 
(Triticum aestivum) variety Snowmass 2.0 was planted across 
the plots 3 days after lactobionate applications. In May, 2018, a 
separate field trial was set up by banding lactobionate together 
with corn seeds (Zea mays) variety DeKalb 45-65 RIB. Since 
1994, all plots have been managed using no-till dryland practices, 
common to the region for enhancing soil moisture retention. 
Soils were fertilized at typical rates for this region with urea 
ammonium nitrate (UAN) at a rate of 67.25kg N/hectare and 
with diammonium phosphate at 22.41 kg P/hectare. 

Prior to lactobionate application, soils were collected from 
each plot at two depths (0-5 cm, 5-15 cm) with a 2.5 cm-diameter 
hand-held soil corer. For the winter wheat trial, 5 soil cores were 
collected randomly in each plot and composited. For the corn 
trial, 5 soil cores were collected randomly between lactobionate- 
banded corn rows and composited. Soils were placed in ziplock 
bags on ice and transported at field-moisture level. The same 
procedure was completed 4 weeks after lactobionate application 
for the corn trial and at 5 weeks for the wheat trial due to 
unusually intense rainfall episodes immediately after lactobionate 
application. Soil samples were stored in a 4°C refrigerator upon 
arrival. The samples were then sieved to 2mm and all analyses 
were conducted within a week of sample collection. 


Soil Analyses 

Soil Moisture and pH 

Gravimetric soil moisture was estimated on a 10g subsample 
by drying in a 105°C oven for 24h, and the difference between 
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FIGURE 1 | Production of lactobionate in a cheese factory (Shutterstock.com/ 
Giuseppe Parisi). 











the soil weight pre-drying and post-drying was used for soil dry 
weight correction. We also collected wheat volumetric moisture 
data directly from each plot using a soil moisture sensor probe 
(integrated across 12-cm depth) (Stevens Hydraprobe, Portland 
OR). Five volumetric moisture data points were collected per 
plot on the 21st of October and 22nd of November 2017 for the 
winter wheat trial. For the corn trial, volumetric moisture data 
was collected on the 11th of May and 8th of June, 2019. Soil 
pH was determined in 1:5 soil:water mixture using an Orion EA 
9110m (Thermo Scientific, Beverly, MA, USA). There was no 
treatment effect on soil pH across soil depths for the two field 
trial conducted (Tables 1, 2). 


Soil C and N 

We determined total soil C and N on oven-dry, pulverized soil 
samples analyzed on a LECO True-Spec CN analyzer (Leco 
Corp., St. Joseph, MI, USA). The output was estimated as a 
percentage. Soil nitrate (NO; )-N and ammonium (NH{)-N was 
determined by extraction using 25 ml of 2 M KCL, filtered using a 
Whatman Filter paper no. 42 and estimated on the Alpkem Flow 
Solution IV Automated wet chemistry system (O.I. Analytical, 
College Station TX, USA). 


Microbial Biomass C and N 

To determine microbial biomass C and N, the chloroform 
fumigation extraction method as described by Vance et al. (1987) 
was conducted on 10g of soils stored in the 4°C refrigerator. 
Two ml of alcohol-free chloroform was added to a subset of soils 
and then extracted using 40 ml of 0.5M K2S04. Total organic 
C and total N was then measured with a TOC-V-TN analyzer 
(Shimadzu Corp., Kyoto, Japan). We calculated microbial 
biomass C and N by subtracting the unfumigated extracts from 
the fumigated extracts, using a conversion efficiency factor (k) 
of 0.45. 


Wheat and Corn Yield and Protein Content 
Wheat and corn yields were measured in July and November 
2018, respectively. Both wheat and corn were harvested with a 





TABLE 1 | Effect of lactobionate application rates on microbial biomass C and N, soil pH, soil C, and N across soil depths (0-5, 5-15 cm) for the wheat field trial. 
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TABLE 2 | Effect of lactobionate application rates on soil pH, soil C, and N across soil depths (0-5, 5-15 cm) for the corn field trial. 

















Soil depth (0-5 cm) (5-15 cm) 

Treatment L ha~" pH Soil C (%) Soil N (%) pH Soil C (%) Soil N (%) 

0 6.26 + 0.09a 0.72 + 0.09e 0.083 + 0.014d 6.92 + 0.14c 0.50 + 0.05b 0.059 + 0.006f 
187 6.38 + 0.10a 0.67 + 0.05e 0.076 + 0.006d 7.22 +0.31¢ 0.51 + 0.05b 0.054 + 0.007f 
374 6.3 + 0.07a 0.71 + 0.09e 0.080 + 0.009d 6.94 + 0.06c 0.51 + 0.06b 0.059 + 0.007f 
561 6.3 + 0.12a 0.74 + 0.09e 0.086 + 0.012d 7.02 + 0.25c 0.53 + 0.04b 0.062 + 0.006f 
748 6.32 + 0.10a 0.75 + 0.10e 0.086 + 0.001d 6.86 + 0.08c 0.55 + 0.04b 0.058 + 0.011f 























Values represent means and standard error while letters represent pairwise comparison of each treatment and control as analyzed using the Dunnett's test in the emmeans package in 


R. Similar letters by column represents no significant difference (p > 0.1). 


field-plot combine harvester with one pass through the center of 
each plot and yield quantified by plot. To determine grain protein 
content, N was first estimated using the same method as in soil 
total C and N on wheat and corn grain sub samples collected in 
each plot at harvest. Protein content was calculated from total 
grain N using a factor of 5.68 for corn (Sriperm et al., 2011) and 
5.7 for wheat (Association of Official Analytical Chemists, 1984). 


Statistical Analyses 

To examine the effects of lactobionate application on soil 
moisture, soil mineral N, soil microbial biomass, wheat and corn 
yield, we fitted a general linear model with treatment as the fixed 
effect, and ran a one-way analysis of variance (ANOVA), followed 
by pairwise comparisons of control to each treatment using 
the Dunnett’s test in the estimated marginal means (emmeans) 
package in R. The level of significance (p) was set at 0.1 due to 
the minimal number of replicates and also the variability of field 
trials. The datasets were evaluated for outliers, normality, and 
equal variance assumptions using the diagnostics function in R. 
Identified outliers were removed from the dataset and not used 
in the final analyses. All figures were created using the ggplot2 
package in R (Wickham, 2009). All analyses were conducted in R 
version 3.5 (R Development Core Team, 2017). 


RESULTS 


Soil Inorganic N 

Four weeks after lactobionate was broadcasted for the winter 
wheat trial, we observed no significant difference in soil nitrate 
between the control treatment (0L ha~!) and the intermediate 
treatment (159L ha~') at both soil depths (0-5 cm, 5-15 cm). 
However, we did observe a decreasing trend and significant 
reduction in soil nitrate concentration at higher lactobionate 
application rates at both soil depths examined (p = 0.03; 
Figures 2A,B). Soil ammonium did not differ significantly 
between the treatments in the surface soil (0-5 cm), but in the 
deeper soil (5-15cm), a significant increase (p = 0.0371) was 
observed in the 318L ha~! treatment as compared with the 
control (Supplementary Information). Surface soil had greater 
soil nitrate and ammonium concentration across all treatment as 
compared to the deeper soil. 
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FIGURE 2 | (A) Effect of lactobionate application on soil nitrate-N for wheat 
trial (0-5 cm). (B) Effect of lactobionate application on soil nitrate-N for wheat 
trial (5-15 cm). Horizontal lines and p-values above each boxplot is the 
pairwise comparison of each treatment and control. 











Soil C and N 

Total soil C content in the surface soil ranged from 1.06 to 
1.2% for the surface soil and from 0.67 to 0.8% for the lower 
depth across all treatments (Table 1). There were no significant 
differences between control and treatment plots in total C content 
(p = 0.22) across soil depths. Total soil N in the surface soil 
ranged from 0.10 to 0.12% and 0.07 to 0.08% in the deeper 
soil across treatments. Similar to C, no significant differences in 
total N were observed between control and treatments across soil 
depth (p = 0.15). However, total soil C and N were higher in the 
surface soil as compared to deeper soil. 





Frontiers in Sustainable Food Systems | www.frontiersin.org 


January 2020 | Volume 3 | Article 127 


Olayemi et al. 


Lactobionate: A Soil Health Genie? 























A ; 4 1 
0.027 
& 0.175 ——_—_—9.31 
> -—08i__ Treatment 
oO 
a Bo 
2 0.150 BS 159 
S BB 318 
Es a 655 
E SS 1871 
3 0.125 —— 
0 159 318 655 1871 
Lactobionate application rate (L ha™') 
B 
0.18 F 0.4 ; 
0.027 
= 0.074 
2 0.036 
> a Treatment 
SS 0.16 aa 0 
'o 
= a SS == Ba 159 
S BB 318 
Bo Ea 655 
£ 3 1871 
S 
a 
0 159 318 655 1871 
Lactobionate application rate (L ha™') 
FIGURE 3 | (A) Effect of lactobionate application on gravimetric soil moisture for wheat trial (0-5 cm). (B) Effect of lactobionate application on gravimetric soil moisture 
for wheat trial (65-15 cm). Horizontal lines and p-values above each boxplot is the pairwise comparison of each treatment and control. 





Soil Moisture 

Mean gravimetric moisture content ranged from 0.12 to 
0.15g g-! across treatments and depths while volumetric 
moisture content ranged from 10 to 27% (Figures 3A,B, 
Supplementary Information). The only significant treatment 
effect in the surface soil was between control and the 655L 
ha™! treatment (p = 0.027). We also observed higher gravimetric 
moisture content for treatments 159, 318, and 655L ha! 
compared to control at the deeper soil depth (p = 0.036). 
Volumetric moisture content was measured at 4 and 8 weeks 
after lactobionate application with the aid of a moisture sensor 
probe. Higher volumetric moisture content was found in the 
higher application treatments (318, 655, and 1,871L ha!) as 
compared with the control when measured in October 2017, but 
by November 2017, a drastic fall in moisture content occurred 
across all treatments and there were no clear differences at that 
point (Supplementary Information). 


Soil Microbial Biomass C and N 

No differences were observed in microbial biomass C and N 
among treatments in the surface soil (p = 0.21; Table 1). The 
mean microbial biomass C and N in the surface soil ranged 
from 19 to 23 4g g ! dry soil and 0.9 to 1.65 pg g! dry 
soil, respectively, and across treatments. In the deeper soil depth 
examined, we found higher microbial biomass C for the 318 





6000 


Treatment 
4000 


2000 


Wheat grain yield (kg ha’) 





0 159 
Lactobionate application rate (L ha’) 


318 655 1871 








FIGURE 4 | Effect of lactobionate application on wheat grain yield. 





and 1,871 L ha! treatments (p = 0.095, p = 0.06) as compared 
with the control (Table 1), while there was also no observable 
difference in microbial biomass N. However, the surface soil 
had higher microbial biomass C and N as compared with the 
deeper soil. 


Wheat Yield and Grain C and N Content 
Wheat yield ranged between 5,224 and 5,497kg ha! across 
treatments (Figure 4). There was no significant difference in 
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TABLE 3 | Effect of lactobionate application rates on soil nitrate-N, microbial biomass C and N and gravimetric moisture content (GMC) across soil depths (0-5 cm, 


5-15 cm) for the corn field trial. 


























Soil depth (0-5 cm) (5-15 cm) 

Treatment Nitrate-N MB C MBN GMC Nitrate MB C MBN GMC 
Lha (ug 97") (ug g-") (ug 97") (g9"*) (ug 97") (ug 9") (ug 9") (g 97") 

) 83.97 + 4.91a 101.27 + 25.18b 19.2142.84c 010+40.009d 13.834 2.29e 89.61 + 14.23f 7.18 + 0.13g 0.13 + 0.009h 
187 33.36 + 3.78a 124.08 + 27.22b 7.76+3.838m 0.10+0.008d 13.344 1.41e 100.55 + 24.21f 10.224+1.71g 0.14+0.005h 
374 30.55 + 8.25a 55.01 + 44.45b 1219 + 2.76¢ 0.09 + 0.011d 11.44 + 2.95e 94.09 + 18.19f 7.05 + 0.92g 0.14 + 0.007h 
561 35.19 + 5.48a 105.06 + 24.64b 11.386 + 1.31¢ 0.10 + 0.010d 14.57 + 2.60e 73.61 + 5.91f 10.30 + 0.71g 0.15 + 0.005i 
748 38.50 + 0.63a 130.74 + 12.19b 16.0541.09c 0.104+0.011d 16.19+42.996 122.7 + 53.33f 10.45+42.06g 0.15 +0.002h 





























Values represent means and standard error while letters represent pairwise comparison of each treatment and control as analyzed using the Dunnett's test in the emmeans package in 


R. Similar letters by column represents no significant difference (p > 0.1). 


wheat yield between control plots and lactobionate-amended 
plots. There was also no observable difference in grain 
protein content between control and treatment plots (p > 0.1; 
Supplementary Information). 


Corn Trial 

Soil C and N 

Lactobionate application did not influence soil C and N at either 
soil depth (p > 0.1). Top soil C (0.67-0.75%) was however higher 
than subsoil C (0.5-0.55%) across all treatments and a similar 
trend observed for soil N (Table 2). 


Soil Inorganic N 

Lactobionate application did not alter soil nitrate relative to 
unamended soils for both surface and deeper soil (p > 0.1; 
Table 3). Surface soil nitrate concentration across all treatments 
was higher than deeper soil. Average soil nitrate concentration 
ranged from 31 to 39 jg g! dry soil for surface soil and 
from 11 to 16 wg g! dry soil for deeper soil across all 
treatments. Average soil ammonium concentration in the surface 
soil ranged from 11 to 47 wg g! drysoil and from 3 to 9 
ug g | dry soil for the lower depths across all treatments 
(Supplementary Information). Lactobionate applied at 374L 
ha“! significantly decreased surface soil ammonium (p = 0.052). 
There was no effect of lactobionate application on the deeper soil 
ammonium concentration. 


Soil Moisture 

Average gravimetric soil moisture ranged from 0.09 to 0.10 g~! 
in the surface soil and 0.13 to 0.15 g g | in the deeper soil across 
treatments (Table 3). No significant differences were observed 
in the gravimetric moisture content of lactobionate-amended 
soils and control soils at both soil depths sampled (p > 0.1). 
However, soil moisture tended to be slightly higher in the deeper 
soil with the 561 and 748L ha~! treatments than the control 
treatment. Likewise, no significant differences were observed in 
the volumetric moisture content of the treatment and control 
plots (data not shown). 


Soil Microbial Biomass C and N 
Average microbial biomass C at both soil depths sampled ranged 
from 73 to 125 wg g ! dry soil, and there was no observable 


significant difference (p > 0.1) between treatments at both 
soil depths (Table 3). Microbial biomass N decreased in the 
187L ha! treatment (p = 0.061) as compared to control and 
also showed a decreasing trend, although this was not statistically 
significant in the surface soil. However, in the deeper soil, an 
increase in microbial biomass N was observed in the 561 L ha! 
treatment as compared to the control (p = 0.081). 


Corn Yield and Grain C and N Content 

Corn yield ranged from 3,565 to 4,080 kg ha”! across treatments 
(Figure 5). Lactobionate application did not have a significant 
effect on corn yield (p > 0.1), however, a consistent increase in 
yield with increasing application rate was observed. Corn grain 
protein content did not increase or decrease with lactobionate 
application (p > 0.1; Supplementary Information). 


DISCUSSION 


Agronomic Practices 

While it is common practice to apply fertilizers and soil 
amendments directly to soil by spraying or broadcasting, recent 
studies have shown that a more efficient way of amendment 
application is subsurface banding. Subsurface banding of 
fertilizers has been shown to reduce ammonia volatilization 
of fertilizers (Bouwmeester et al., 1985), increase crop yield 
(Stevens et al., 2007), increase plant nitrogen use efficiency 
(Malhi et al., 2001; Sommer et al., 2004), and reduce nutrient 
leaching and runoff (Watts et al., 2011; Lamba et al., 2013). In 
our field experiments, the application of lactobionate through 
two different modes (broadcasting and banding) on wheat and 
corn, respectively, was not done to compare and contrast the 
more efficient method but to assess the impact of lactobionate 
under different systems to better elucidate if these impacts can 
be broadly applied across systems or are unique to a particular 
system. The key effects seen with broadcast application in wheat 
were an increase in soil moisture at the deeper soil depth, an 
increase in microbial biomass and a decrease in soil nitrate 
after 4 weeks of application. However, substantial rainfall events 
immediately after lactobionate broadcast application may have 
resulted in much of the lactobionate to leach through the soil 
profile or lost through overland water flow. This, along with 
evidence for the benefits of banding amendments described 
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FIGURE 5 | Effect of lactobionate application on corn grain yield. 











above, led us to apply lactobionate through banding in the corn 
trial. We believed that concentrating the byproduct at the zone of 
planting will prevent it from being easily leached or washed off 
while also maximizing its effect on the key indicators of interest. 

Overall, with banding in the corn trial, no major effects were 
seen on the soil properties we measured. This may be a result 
of the fact that soils were not collected at the exact zone of 
banding (since this was where the corn was seeded) but between 
corn rows. Moreover, the differences in the lactobionate effects 
between the two trials may have been co-founded by season, as 
the corn lactobionate application was conducted in the summer 
as compared to the fall for the winter wheat trial. However, a key 
observation in the corn trial was the increasing trend in corn 
yield with lactobionate application rate. Other studies have also 
shown that subsurface banding can improve crop yield as shown 
in a study involving subsurface banding of poultry litter that 
increased the yield of cotton by 22% (Tewolde et al., 2015) and 
the banding of nitrogen fertilizer that increased sugarbeet yield 
(Stevens et al., 2007). While this is not an attempt to compare 
the most efficient mode of application considering the differences 
in crop, planting season and year, we suspect that the different 
application modes contribute to the varying degree of influence 
of lactobionate we observed on soil and crop properties between 
corn and wheat. 


Soil Moisture 

Given the chemical properties of lactobionate, we anticipated 
that it could be effective at increasing water retention in dryland 
cropping systems and thus be a potential amendment for 
mitigating plant drought stress. The potential for lactobionate 
to increase soil moisture could be controlled by four key 
mechanisms: cations (potassium, Kt) that can improve soil 
aggregation by binding to negatively charged soil particles; 
hydroxyl groups (OH) present in lactobionate which directly 
improve water absorption; lactobionate-mediated increases 
in soil organic C (SOC) leading to increased soil aggregation 
and water sorption; and lactobionate-stimulated increase in 
microbial biomass resulting in higher SOC retention and 
biogenic aggregation via microbial polymeric exudation 
(Kallenbach et al., 2019). 


We examined the effect of lactobionate application on soil 
moisture using two metrics (gravimetric and volumetric) at two 
soil depths and observed different effects in the dryland wheat 
and corn trials. For the wheat field soils, lactobionate applied 
at even the lowest rate (159L ha!) had a positive effect on 
gravimetric soil moisture in the subsoil while a high application 
rate (655L ha~!) led to increased soil moisture in the surface 
soils. No effects were observed at 1,871L ha! and this may 
be a result of overloading the soils with organic material to the 
point where it was clogging soil pores, limiting infiltration and 
hydraulic conductivity (Robbins and Lehrsch, 1998). The positive 
effect of lactobionate on wheat soil moisture in the subsoil might 
be the result of multiple rainfall episodes that occurred after 
its application in the wheat field trial, potentially transporting 
lactobionate deeper into the soil profile. 

Adding materials rich in organic C such as sucrose and 
sawdust have also been found to increase soil moisture levels 
(Blumenthal et al., 2003; Averett et al., 2004). In a previous 
study, cheese whey applied directly to soils via furrow irrigation 
increased soil aggregate stability and infiltration, thus reducing 
erosion and enhancing water retention (Lehrsch et al., 2008). 
Furthermore, the volumetric moisture content of the wheat field 
soils was greatest under the highest lactobionate application 
rate as compared to the control for October 2017. However, 
by November, no differences were observed for volumetric 
moisture content of the treatments. For corn field soils, no clear 
differences in either gravimetric or volumetric soil moisture were 
seen at either soil depth. These differences in effects between 
the wheat field and corn field soils may be explained by the 
timing and mode of lactobionate application in each field, along 
with inherent differences in crop physiology and water uptake. 
Lactobionate was sprayed across the wheat field soils during the 
fall season while lactobionate was banded into the soil at the 
exact zone of planting for the corn field soils in the summer. 
As the soil samples were not collected from the exact banding 
zone but adjacent to it (in between corn rows), this may be a 
contributing factor to the lack of differences between control 
and treatment rates in the corn trial. Also, the differences seen 
by month (October vs. November) may imply that a one-time 
application may not be enough to see desired changes in soil 
moisture retention. 


Soil Nitrogen 

In dryland systems, following water, the next most often 
limiting factor for crop productivity is plant available nutrients, 
especially N. The global use of chemical fertilizers addresses 
N deficiencies, but has also contributed to greenhouse gas 
emissions and eutrophication. The addition of high C organic 
materials including lactobionate to soils could potentially 
alter microbial-mediated N cycling, primarily by stimulating 
microbial immobilization and subsequent turnover. We 
measured the impact of lactobionate application on soil 
nitrate and ammonium, to understand potential effects on 
N mineralization and crop available N. While we observed a 
significant decline in soil nitrate at intermediate to high levels of 
lactobionate applied at both soil depths for wheat field soils, we 
did not see this trend in the corn field soils. 
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The decline in soil nitrate may be a result of the high level 
of bioavailable C present in lactobionate which might have 
stimulated a temporal microbial immobilization of N. A similar 
trend has also been observed in field and laboratory studies 
of relatively high C organic materials (sucrose, wheat straw, 
vinasses, and sawdust) on soil N dynamics (Blumenthal et al., 
2003; Averett et al., 2004; Ghani et al., 2005; Baruah et al., 
2016; Moran-Salazar et al., 2016). This effect could be either 
beneficial or deleterious to soils and crop productivity depending 
on timing and frequency of application. If microbes feeding on 
C-rich lactobionate assimilate soil N into their biomass, when 
they eventually turnover, N is released for plant uptake. Also, the 
slight increase in soil nitrate seen in the 159L ha! treatment 
may indicate that this rate was stimulating microbial activity 
just enough to increase N mineralization without inducing N 
limitations. However, at higher rates, microbial biomass may 
cross a threshold, moving from C to N limitations. Plant nitrate 
uptake could also be another reason for the decline in soil nitrate 
as plants are often better competitors for nitrate compared to 
microbes. Thus, the combination of plant mineral N uptake 
coupled with increased microbial biomass due to lactobionate 
application could have led to this temporal decline in soil 
nitrate. Lactobionate application did not significantly impact 
the level of soil ammonium in either the wheat or corn trials 
at both soil depths examined. This may be due to the higher 
concentration of nitrate supplied via fertilizer application. The 
application of C-rich organic materials including lactobionate to 
soils has previously been suggested to help reduce nitrate leaching 
and ammonia volatilization by sequestering soil mineral N in 
microbial biomass (Manevski et al., 2016; Cao et al., 2018). 


Soil Microbial Biomass 

Biological management of agricultural nutrient cycling can 
reduce nutrient losses and support microbial mineralization of 
organic N (Drinkwater et al., 2017). Soil organic amendments are 
a key tool to enhance soil nutrient cycling since they provide a 
readily available source of energy for the microbial community. 
Supporting high levels of microbial activity may also lead to SOM 
formation and soil aggregate stability which in turn can increase 
soil water retention (Murphy, 2015; Kallenbach et al., 2016). 
The challenge however in using soil amendments is balancing 
soil organic inputs with the C and N requirements of both the 
microbial community and crop needs. 

In this field experiment, we determined how soil microbes 
respond to lactobionate application by measuring their biomass 
C and N. The increase we observed in microbial biomass C at 
the lower soil depth in wheat parallels what we observed for 
soil moisture and is not unexpected, as lactobionate contains 
monosaccharides fueling microbial metabolism. Our results are 
consistent with other studies that have observed an increase in 
microbial biomass C and N in soils treated with dairy effluents 
(Degens et al., 2000; Sparling et al., 2001; Sarathchandra et al., 
2006). This increase in microbial biomass could decrease soil 
organic C mineralization by selecting for microbes with greater 
ability to degrade lactose and its derivatives rather than SOM 
(Degens et al., 2000). 

The observable changes in microbial biomass C within 4 
weeks of amendment application is not surprising as this pool is 


known to have a short turnover time and with high sensitivity 
to environmental changes and management relative to other 
soil C pools (Joergensen and Emmerling, 2006; Kallenbach and 
Grandy, 2011). Additions of labile C materials including sucrose 
and lactobionate to soils have temporarily increased microbial 
biomass and activity (T6rdk et al., 2000; Eschen et al., 2006; 
Kallenbach et al., 2019). In contrast, the addition of C sources 
such as wheat straw and sawdust containing structurally complex 
molecules requiring enzymatic degradation are likely to have less 
of an impact on elevating microbial biomass (Dalenberg and 
Jager, 1981; Magill and Aber, 2000). Thus, the impact of a soil 
amendment on the soil microbial biomass will depend primarily 
on how labile or recalcitrant its C source is. While a clear change 
in biomass C was observed in the winter wheat field experiment, 
there was no observable effect on the total soil C. This could be 
as a result of the lower biomass input rates relative to the total 
soil C pool and changes may have occurred in only certain SOC 
fractions. For instance, increases in pools with relatively faster 
turnover times, such as the particulate organic C and the mineral 
associated organic C pools would not be detectable from our total 
SOC measurements. 


Lactobionate Impact on Wheat and Corn 
Ultimately, for a soil amendment to be adopted, its effects 
on soil health must translate into increased crop yield and/or 
quality, or reduced input costs. Thus, we assessed the effect 
of lactobionate on yield and protein content. For the wheat 
trial, lactobionate had no significant effect on yield. Wheat and 
corn grain protein content was also not significantly affected by 
lactobionate application. While corn yield was not significantly 
affected by lactobionate, an increase in yield with increasing 
lactobionate application rate was observed (up to 14% at the 
highest application rate), suggesting a dose-dependent benefit on 
corn yield. The differences between treatment effects on corn and 
wheat grain yields could be a result of multiple environmental 
and physiological factors associated with the crops, along with the 
different application modes. The length (8 months) and growing 
season (winter, spring, summer) of winter wheat as compared to 
that of corn (5 months, summer, fall) could partly account for 
the difference in lactobionate effects on yields of the two crops. 
Winter wheat is likely to experience greater nutrient and water 
limitation as compared to corn, with just a single application of 
the amendment (Chen et al., 2016; Manevski et al., 2016). The 
timing of lactobionate application could have also played a role, 
as lactobionate applied during the summer (for the corn trial) 
could have stimulated greater microbial activity which in turn 
could affect N cycling dynamics as compared to fall application 
at lower temperatures. 

The similarity in wheat and corn grain protein between 
lactobionate-amended plots and control could have been as a 
result of the one-time application of lactobionate at the early 
stage of crop growth, when effects on soil mineral N might 
have been short-lived. Despite the reduction in soil nitrate after 
4 weeks of lactobionate application for the winter wheat trial, 
this did not result in any deleterious effect on the wheat grain 
yield and protein content. Furthermore, the application of soil 
amendments such as compost, manure, straw, biochar, and other 
materials rich in organic C has shown multiple inconsistencies on 
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crop yields especially in the short term due to differences in crop, 
climate and location (Christian et al., 1999; Malhi and Lemke, 
2007; Coulter and Nafziger, 2008). 


CONCLUSION 


We explored the potential benefits of lactobionate, a byproduct of 
cheese manufacturing, on soil properties and crop productivity 
in wheat and corn dryland systems. Our findings suggest that 
lactobionate has the potential to be an effective soil amendment 
based on the benefits we observed in our study, but it depended 
on the agronomic system under evaluation. Lactobionate caused 
a temporary increase in gravimetric soil water content and 
decrease in soil nitrate in the wheat trial but showed no effect 
in the corn trial. This suggests that timing, mode, and frequency 
of application needs to be further optimized for maximal soil 
benefits of lactobionate. The limited statistical power relative to 
plot variability in this trial constrained our ability to conclusively 
determine effects of lactobionate on crop yields. Like many 
soil amendments and management approaches, effects on soil 
properties may accumulate with repeated treatments and effects 
on crop yield or quality can take several years to manifest. This 
is a grand challenge for the adoption of soil amendments, as 
farmers often make purchasing decisions based on short-term 
returns on investment and discount long-term benefits. On the 
other hand, technologies like lactobionate also benefit society 
by diverting food waste from landfills to the farm, where they 
can potentially decrease the environmental impact of agriculture 
and move toward a regenerative, circular economy. Given the 
potential benefits to farmers and global sustainability, more long 
term-field trials encompassing different crops and field sites 
are required to conclusively determine the potential benefits of 
lactobionate as a soil amendment. 
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